Abstract-This paper presents an integrated vibration power generator system. The system consists of a mini electromagnetic vibration power generator and a highly efficient energy harvesting circuit implemented on a minute printed circuit board and a 0.35-m CMOS integrated chip. By introducing a feedback control into the dc-dc pulsewidth modulation (PWM) boost converter with feedforward control, the energy harvesting circuit can adjust the duty ratio of the converter following the variation of the input voltage and the voltage of energy storage element to get high energy conversion efficiency. The energy harvesting circuit rectifies the input ac voltage, steps up the dc output of the rectifier by the dc-dc PWM boost converter with feedforward and feedback control and stores the electric energy into a super capacitor, which can be used as a small electrical power supply for an intelligent micro sensor network.
I. INTRODUCTION

V
IBRATION powered electronic devices have been applied in several commercial products, such as Seiko Kinetic wristwatch [1] , smart tennis racquet [2] and smart sports shoes [3] . In recent years, the rapid development of micro sensors for various applications [4] , including remote environmental monitoring, homeland security, automotive sensors and biomedical sensors, require a miniaturized integrated distributed power supply to reduce potential problems, such as complicated interconnection, electronic noise, and power control system complexity. In many of these micro sensors, power supplies from chemical energy sources are undesirable due to limited shelf life and replacement accessibility [5] - [7] . To solve this power supply problem, the conversion of electrical energy from a vibrating source to a renewable storage device [8] , [9] , such as rechargeable batteries or super capacitors [10] , has Manuscript received May 16, 2006; revised June 26, 2006 . This work was supported by the Institute of Integrated Microsystems, HKUST under Contract I2MS01/02.EG08 and by the TSMC CMOS Foundry Service, National Chipbeen shown to be a potential and promising alternative solution [11] , [12] . The electrical energy stored in the storage device can be readily used for low-power integrated circuits (ICs) or integrated distributed micro sensors [13] .
Since it is quite easy to keep a strong magnetic field with a permanent magnet (PM), electromagnetic vibration-power generators are preferred in many applications. Some pioneering studies on mini electromagnetic vibration-power generators were performed by researchers at the University of Sheffield [5] and MIT [13] . Their work indicated that a simple spring mass system can generate power at the level of 1 W. Researchers at Southampton University fabricated a vibration-based electromechanical power generator with a power generation of more than 1 mW [6] . Another generator designed and fabricated by the same research group has been shown to produce a peak power of 157 W when the power generator was tested on an engine block [14] . Ching et al. [15] reported a millimeter-sized multi-modal vibration power generator using laser micromachining which can generated a maximum power of 830 W. Boland et al. [16] presented a micromachined rotational electret power generator with a output power greater than 25 W at the rotation speed of 4170 rpm. Goto et al. [17] reported an automatic power-generating system (AGS), modified from a Seiko Kinetic quartz watch, for implantable cardiac pacemakers. This AGS system which can generate 13 J per heart beat, after fully charged, can be used to pace a mongrel dog's heart at 140 beats for 60 min. Poulin et al. [18] presented the design and numerical analysis of an electromagnetic and a piezoelectric energy-harvesting system, for portable electronic devices, which can generate electric powers of 0.21 mW and 5.6 10 mW, respectively. Jeon et al. [19] developed a MEMS power generator, which consists of a 170 m 260 m lead zirconate titanate (PZT) beam, with the output power of 1 W. Comparison of these vibration power generators is summarized in Table I . This paper reports design, fabrication, and characterization of a new mini integrated power generator system, with the maximum output power level of 35 mW, which consists of a mini electromagnetic power generator, an interface electronic circuit and an energy storage device. The interface circuit introduces a feedback control into a feedforward dc-dc pulsewidth modulation (PWM) boost converter as an energy harvesting circuit and shows high energy conversion efficiency. This circuit was first implemented on a mini printed circuit board (PCB) and then on a 0.35-m CMOS IC chip (TSMC 2P4M CMOS technology) and can be used for the intelligent sensor networks [20] . 
II. MINI ELECTROMAGNETIC POWER GENERATOR
A mini electromagnetic power generator consists of a copper coil, a PM (also acting as a mass), and a spring. The PM is attached to the coil through the spring. The system works in such a manner that when there is a vibration input, the coil cuts through the magnetic flux formed by the PM due to the relative displacement between the PM and the coil. A sinusoidal electromotive force in the coil can be generated and thus transfers mechanical energy into electrical energy. Since the output power of the power generator is quite small, an energy harvesting interface circuit with high power transfer efficiency needs to be developed to recharge and store the electrical power into the energy storage elements. Furthermore, since the voltage of the renewable power supply must be high enough, the voltage should be increased to an acceptable level.
A mini electromagnetic power generator was fabricated at the Hong Kong University of Science and Technology as shown in Fig. 1 , which is designed to generate power from the vibration of an automobile and other vehicles. There is a screw at the bottom of the power generator and a screw nut at the top of the mini-shaker. Therefore, the power generator firmly fixed on the shaker can have controlled vertical vibration as shown in Fig. 2 .
is the average value of the horizontal vector of the magnetic field. The maximum power that this device can generate is given by [5] (1) (2) where is the mass of the PM, is the damping ratio; is the damping coefficient; and is the resonant frequency of the vibration power generator. is the maximum relative displacement between the coil and the PM. Here, the resonant frequency of the designed power generator is 40 Hz. The amplitude of the oscillation produced by the mini-shaker is 3 mm.
III. DESIGN OF ENERGY HARVESTING CIRCUIT
Since an electromagnetic power device generates an ac voltage while a power storage element usually requires a dc voltage input, an energy harvesting circuit needs an ac-dc rectifier connected to the two ends of the coil of the power generator in the first stage. If the output voltage of the rectifier is greater than that of the energy storage element, the electrical power can be directly harvested.
A. Boost Converter
In many cases, the output voltage of the rectifier is smaller than that of the storage element. Therefore, it must be stepped up to be harvested into the energy storage element. In this case, a switching-mode boost dc-dc converter, as shown in Fig. 3 , is used to step up the output voltage of the rectifier. In general, the ideal switch, diode, and inductor should be replaced with components in series with corresponding parasitic resistors.
For a typical boost converter [21] , [22] , the voltage gain between the input and output voltage can be expressed by where the duty ratio is defined as the ratio of the "on" cycle time to the whole period , . By invoking the volt-second balance principle, the conversion efficiency can be written as (4) where 1 and , , , are the parasitic series resistors shown in Fig. 3 .
Therefore, the efficiency is obtained and shown as a function of duty ratio for different load resistances in Fig. 4 .
B. Feedforward Control of DC-DC PWM Boost Converter
For a certain power output level of the power generator, energy harvesting circuit should converter the electrical energy and recharge it into energy storage element effectively. Using a constant-duty ratio, the output voltage of the dc-dc boost converteris directly proportional to the dc input voltages. Since typical vibration input during normal operation is random, the rectifier has a wide range of output voltage. Based on (4), it should be possible to achieve higher energy conversion efficiency than the dc-dc converter with a constant-duty ratio in such case. The feedforward control of dc-dc PWM boost converter (Fig. 5 ) is simple and can significantly improve the performance of this dc-dc power conversion [11] . The principle of operation can be explained by the waveforms of , and shown in Fig. 6 . When the reference voltage at the noninverting input is higher than the sawtooth voltage, the gate to source voltage goes low, otherwise, the voltage goes high. Therefore, the complement of the on-duty cycle is proportional to the dc converter input voltage. For the feedforward control of dc-dc PWM boost converter, the relationship between the rated output voltage, , and the sawtooth voltage is (5) where is the peak value of the sawtooth voltage.
C. Feedfoward and Feedback Control of DC-DC PWM Boost Converter
Since the voltage of the energy storage element can often vary, the output voltage of the ideal dc-dc converter should be adjusted accordingly. Therefore, a feedback control circuit is introduced into the feedforward control of dc-dc PWM boost converter circuit as illustrated in Fig. 7 . In this new circuit, the sawtooth voltage is (6) where is the voltage of the energy storage element. For the case of , , the sawtooth voltage can be written as follows:
Considering the switching period , the sawtooth voltage can be approximated by a simple expression (8) When the switch M1 is on, the sawtooth voltage reaches its peak value and can be expressed as follows: (9) where is the on-duty cycle of M1 and is the period of the duty cycle of PWM boost converter.
The sawtooth peak value is directly proportional to the voltage of the energy storage element (10) In Fig. 7 , turns on when , thus the time can be determine as (11) here is the time when the switch is off (12) The principle of operation of the feedforward and feedback control of dc-dc PWM boost converter can be explained by the waveforms of , and shown in Fig. 8 . Compared with the Feedforward control of a dc-dc PWM boost converter, the peak value of the sawtooth voltage, , of the circuit with feedback control increases in direct ratio with the voltage of the energy storage element. The dc-dc PWM boost converter with feedforward and feedback control was first implemented using discrete components on a mini PCB board and tested to verify the proof of our design concept. The results are measured and show that duty ratio increase with the voltage of the energy storage element (Fig. 9) . From (3), the smaller the duty ratio , the higher the conversion efficiency. That means the circuit can adjust the energy conversion efficiency with the variation of the voltage of the energy storage element. This adjustability is better for comparatively large input voltage since the duty ratio shows a stronger dependence on the voltage of the energy storage element for a large input voltage. Based on the (13), the behaviors of the function represented on Fig. 9 can find its theoretical explanation. Fig. 10 shows the energy harvesting circuits with the feedforward and feedback control of dc-dc PWM boost converter. In this design, when the dc output voltage of the rectifier is greater than that of the energy storage element, the diode D6 will be conducted and the electric energy can be recharged into the energy storage element (super capacitor) directly. In other cases, the output voltage of the rectifier will be increased by the dc-dc PWM boost converter with the feedforward and feedback control and get the energy storage element recharged.
D. Energy Harvesting Circuit With Feedfoward and Feedback Control of DC-DC PWM Boost Converter
Equation (13) can be reformed as (14) Therefore, the duty is (15) For the case that the power loss of the rectifier is negligible, the maximum power harvested by the system can be derived from (1) and (4) as follows:
The measured ac output voltage of the power generator as a function of the driving frequency of the mini shaker is shown in Fig. 11 . After verifying the proof of our design concept using discrete components as shown in Fig. 12 , an integrated energy harvesting with the same schematic structures as on the PCB board circuit was designed and fabricated using TSMC 0.35-m 2P4M CMOS technology via the CIC foundry service (National Chip Implementation Center, Hsinchu, Taiwan).
The integrated circuit designed has 752 MOS transistors totally. The layout of the core circuits is shown in Fig. 13 , it consists of an ac-dc rectifier, a 555-timer circuit as a duty cycle generator, a step-up dc-dc converter and feedforward and feedback control circuit. The 555-timer circuit is designed to produce desired duty cycle. Modified by the feedforward and feedback control circuit, the duty cycle is used to turn on/off the switches of the step-up dc-dc converter. The converter steps up the output dc voltage of the rectifier. The final output energy is stored into an energy storage element off-chip.
IV. CHARACTERIZATION OF THE MINI VIBRATION POWER GENERATOR SYSTEM
The open-circuit coil voltage of the fabricated power generator as a function of vibration frequency was measured using a Dynamic Signal Analyzer (#35665A, Hewlett Packard Co., USA) and a mini electromagnetic shaker (#1640268, Brüel and Kjaer, Naerum, Denmark). Fig. 14 shows the sawtooth-wave voltage and duty-cycle voltage measured by an oscilloscope.
The energy harvesting circuit has been shown to convert the vibration energy from the shaker to electrical energy and then to supply enough power for a micro sensor network consisting of four commercial micro accelerometers (ADXL322, Analog Devices Inc, Norwood, MA, USA).
The required power for one ADXL chip ranges from 1.2 mW (at 2.4 V supply voltage) to 3 mW (at 6 V) according to the specification of the device datasheet. When the shaker was vibrating at the resonant frequency of the power generator, the maximum output power level of 35 mW and the power density of 0.41 mW/cm was achieved. The volumes of the two energy harvesting devices and the specific power (output power/ volume) of the energy harvesting devices, (IC chip based 0.13 mW/cm and PCB based systems 0.41 mW/cm ) which is harvested into a super capacitor, are calculated. Furthermore, the volumes of the devices are found, which are made by other researchers mentioned in Introduction section and the specific power are also calculated (Table I) . Finally, an integrated energy harvesting circuit was designed with the EDA software package of Cadence (Cadence Design Systems Inc., San Jose, CA, USA) and fabricated using the TSMC 0.35-m 2P4M CMOS foundry service. Fig. 15(a) and (b) show the photographs of one die without and with electronic packaging, respectively. Testing results show that the chip can boost the input voltage and store electrical energy into a big capacitor effectively. Table II summarizes the performance comparison of the fabricated CIC chip and the corresponding discrete circuit on a PCB board. An electromagnetic power generator with a high-performance in the feedforward and feedback dc-dc PWM boost converter energy harvesting circuit, which was implemented on a PCB board first and then on a 0.35-m CMOS IC chip, has been designed and fabricated. By introducing a feedback control into a feedforward dc-dc PWM boost converter, the energy harvesting circuit shows high energy conversion efficiency. The measured dependence of the duty ratio of the feedforward and feedback dc-dc PWM boost converter on the voltage of the energy storage element confirms the high energy conversion efficiency of the circuit. Using a mini shaker as a vibration source, the maximum output power of 35 mW has been successfully harvested and applied to drive four commercial micro accelerometers.
